In this review, we focus on the biophysics of cell membrane lipids, particularly when cancers develop acquired drug resistance, and how biophysical changes in resistant cell membrane influence drug transport and nanoparticle-mediated drug delivery. Recent advances in membrane lipid research show the varied roles of lipids in regulating membrane P-glycoprotein function, membrane trafficking, apoptotic pathways, drug transport, and endocytic functions, particularly endocytosis, the primary mechanism of cellular uptake of nanoparticle-based drug delivery systems. Since acquired drug resistance alters lipid biosynthesis, understanding the role of lipids in cell membrane biophysics and its effect on drug transport is critical for developing effective therapeutic and drug delivery approaches to overcoming drug resistance. Here we discuss novel strategies for (a) modulating the biophysical properties of membrane lipids of resistant cells to facilitate drug transport and regain endocytic function and (b) developing effective nanoparticles based on their biophysical interactions with membrane lipids to enhance drug delivery and overcome drug resistance.
Introduction
The risk that tumors may acquire resistance to cancer chemotherapy drugs remains a major clinical issue in successfully treating cancer patients [1] . In general, efficacy of cancer chemotherapy is limited by the doses that a patient can tolerate because of significantly greater risk of nonspecific toxicity of these drugs at higher doses [2] . Acquired drug resistance thus could be the effect of subtherapeutic doses to which tumors are exposed, causing cancer cells to adapt to the changing microenvironment [3] . The major known mechanisms of drug resistance, such as increased drug efflux via permeability glycoprotein (P-glycoprotein [P-gp]); also known as multidrug resistance [MDR] protein 1) extrusion pumps [4, 5] , reduced drug influx, drug entrapment in intracellular vesicles [6, 7] , activation of anti-apoptotic pathways, inactivation of apoptotic pathways, and modifications of metabolic pathways [8, 9] , can be broadly grouped into two categories: (a) mechanisms that decrease intracellular drug accumulation and (b) mechanisms that alter apoptotic pathways to prevent cancer cell death. In addition, genetic and epigenetic changes that could influence drug interactions with a target gene or could modulate a cancer cell's response to a drug have also been suspected as mechanisms of acquired drug resistance. For example, cancer cells with p53 mutation are resistant to cancer chemotherapy primarily due to the loss of the transcriptional function of wild-type p53. Further, mutant p53 may gain new function in conferring the increases in cell survival, cell growth, and decrease in apoptosis in cells [10, 11] . Similarly, epigenetic changes in cells, such as methylation of DNA or acetylation of histone, can influence the response of anticancer drugs [12, 13] . Resistance to platinumbased cancer chemotherapy is linked to high expression of ERCC1 (Excision repair crosscomplementation group 1) activity that facilitates DNA repair [14] . Our recent study has demonstrated that epigenetic changes in breast cancer resistant cells are linked to the altered lipid biosynthesis that directly influenced drug transport and endocytic functions in drugresistant cells [15] . These examples illustrate different mechanisms of drug resistance.
Significant effort has been devoted to developing nanoparticle (NP)-based drug delivery systems, primarily to circumvent the difficulties of drug transport into cancer cells [16] [17] [18] . The widely used approaches involve loading NPs with a combination of drugs that act synergistically by targeting different pathways responsible for drug resistance. Of these, the most common strategies combine a P-gp efflux modulator with anticancer therapy to facilitate intracellular retention of drugs [19, 20] or combine anticancer drugs with agents that promote apoptosis [21, 22] . Recent approaches include the use of anticancer drugs in combination with small interfering RNA or microRNA [23] , which can sensitize chemotherapy-resistant cells by silencing the expression of multidrug-resistant genes [24] [25] [26] . In addition, combinations of genes and drug therapy have been widely investigated to overcome drug resistance [27, 28] .
Although the onset of cancer may have a genetic trigger, significant evidence shows that changes also occur in the lipid profile and biophysical properties of membrane lipids during malignant transformation of cells [29] . The biophysical properties of tumor tissue lipids have been investigated to understand the mechanisms of cancer progression and metastasis, to obtain a prognostic evaluation of the disease state [30] , and to monitor response to drug/ radiation therapies [31] . It has been reported that anionic phospholipids, which are largely absent from the external leaflet of the plasma membrane of mammalian cells under normal conditions, are exposed during malignant transformation and stress conditions of the tumor microenvironment [32] . However, the role of these changes in the biophysics of membrane lipids, particularly when cancer develops acquired drug resistance to cancer chemotherapy, and how the changes influence drug transport and delivery with NP-based systems has not been investigated.
Recent advances in membrane lipid research show that lipids play a role in the regulation of membrane trafficking and endocytic functions such as endocytosis, the primary mechanism of uptake of NP-based drug delivery systems [33] . There is also convincing evidence that sorting of vesicles and their intracellular trafficking occurs by formation of highly curved transport intermediates [34] . For example, endosomes sort vesicles based on membrane lipid biophysical properties: endocytic vesicles with fluid lipid membranes are sorted toward recycling endosomes, whereas those with rigid membranes are sorted toward late endosomes [35] . From a drug delivery perspective, these developments in membrane biology are very critical, as most known drug-resistance mechanisms also show alterations in membrane lipids [36, 37] , and these alterations may also affect the transport dynamics of drugs or NPbased drug delivery systems. Hence, understanding the role of membrane biophysics in drug resistance is critical for developing effective therapeutic and drug delivery approaches to overcome drug resistance. In this review, we focused primarily on the role of membrane biophysics on drug-resistance mechanisms affecting intracellular drug accumulation, apoptotic signaling, and novel strategies towards developing effective NP-based drug delivery systems based on biophysics of membrane lipids to overcome drug resistance.
Role of membrane biophysics on cellular functions affecting drug/ nanocarrier accumulation inside cells
The role of membrane lipid composition in signaling and protein functions has been well recognized [38, 39] . In addition, cell apoptosis has also been shown to depend on membrane lipid composition and hence biophysical properties of cell membrane [40] . In other words, various cell membrane functions can be explained on the basis of physical characteristics, i.e., the molecular shape of lipids, known as lipid polymorphism. Based on the distinct molecular shapes of major membrane lipids, they can be divided into three groups [41] [42] [43] : cylinder-shaped lipids, cone-shaped lipids, and inverted-cone-shaped lipids. These distinctions in molecular shape arise due to differences in the relative size of each one's headgroup and tail. Major membrane lipids with phosphocholine (PC) and phosphatidyl serine (PS) have a cylindrical shape, as they have headgroups and tails with similar crosssectional area. Sphingomyelin (SM) has an inverted-cone shape due to its large headgroup; therefore, SM lipids preferentially adopt the lamellar bilayers [44, 45] . Phosphatidyl ethanolamine (PE) and cholesterol display a cone shape because of their small headgroups and prefer nonlamellar bilayers, such as spherical vesicles (Figure 1 ).
In addition, phospholipids show different degrees of affinity to cholesterol; affinity for cholesterol for different phospholipids is in the order SM > PS > PC > PE, suggesting that phospholipid affinity toward cholesterol also depends on the molecular shape of the lipids [46] . For instance, SM, with its inverted cone shape, can protect the larger hydrophobic group of cholesterol better than the cone-shaped phospholipid PE can, therefore, higher levels of SM in the membrane are usually associated with higher cholesterol, whereas an increase in PE results in a lowering of cholesterol. Due to differences in molecular shapes and volumes of lipids, changes in lipid composition can affect the membrane's curvature and permeability ( Figure 2 ). Acyl chain saturation of lipids and fatty acids significantly influences the membrane's biophysical properties, which in turn affect membrane permeability and endocytic functions (Figure 3a & 3b) . In addition, acyl chain length of membrane lipids synchronizes with the length of transmembrane proteins. For example, longer transmembrane proteins are associated with lipids with longer acyl chain length and vice versa, which in turn influences the membrane thickness (Figure 3c & 3d) .
Effect of membrane biophysics on intracellular drug accumulation in resistant cells
From a biophysical perspective, drug-resistance mechanisms affecting intracellular drug accumulation share strong similarities to the mechanisms that control drug or NP transport into cancer cells. In both cases, drug accumulation inside cells depends on the cell membrane's lipid profile and on the interactions of the cell membrane with drugs or NPs. In general, drug-resistant cells prevent intracellular drug accumulation by three different biological processes, namely, reduced drug influx, P-gp efflux, and drug entrapment in intracellular vesicles. Interestingly, all three of these drug-resistance mechanisms have been reported to have common membrane lipid alterations, i.e., increase in sphingolipids and cholesterol membrane content.
Membrane biophysics and reduced drug influx
Reduced drug influx is considered to be one of the major factors in low intracellular drug accumulation in drug-resistant cells. Most cancer chemotherapeutics are weak bases with pK values between 7.4 and 8.2 and are lipophilic in neutral form; hence, they are assumed to traverse the cell membrane [47] . Therefore, any decrease in drug influx is generally attributed to alterations in the membrane's biophysical properties. To understand the role of membrane lipids, studies have been deliberately designed to alter the membrane's biophysical properties by growing cells in the presence of anionic phospholipids, saturated or unsaturated fatty acids, or other components affecting membrane properties [48, 49] . The results of these studies have demonstrated that membranes from drug-resistant cells have a different lipid composition than the membranes from the parent drug-sensitive cells. These changes lower the ability of a drug to permeate the membrane by altering membrane fluidity, structural order, lipid packing density, membrane potential or the combination of multiple factors [36, 37] . For instance, a doxorubicin-resistant P388 subline showed a decrease in the membrane's phosphatidylcholine/SM ratio and an increase in membrane order [50, 51] . On the other hand, vinblastine-resistant leukemia T lymphoblast cells that demonstrated higher levels of cholesterol and phospholipids and a 60% increase in protein/ lipid ratio in comparison to membranes of sensitive cells [52] .
There are very few studies that quantified the effect of lipid bilayer properties on the drug membrane partitioning, binding to P-gp, and efflux by P-gp. Jin et al. have reported significantly higher apparent affinities to P-gp for drugs, actinomycin D (4,000 times) and paclitaxel (100 times) when it is present in P-gp over expressing yeast cell membrane bilayer than with purified P-gp in a detergent layer. The above difference in anticancer drug affinity for P-gp highlights the importance of membrane phase when a drug accesses the Pgp transporter in the membrane [53] . Clay et al. quantified the role of membrane phase in modulating P-gp function, using purified P-gp that is reconstituted into phospholipid bilayers with defined gel to liquid-crystalline melting transitions. Study showed that P-gp has greater affinity to substrates when the lipid bilayer is in the gel phase than in the liquid phase [54] . Overall these studies suggest that P-gp function significantly depends on the lipid composition and hence the biophysical characteristic cell membrane lipid bilayer.
While the change in lipid composition in resistant cells could play a role in drug transport and efflux, it is also possible that in vivo the acidic tumor microenvironment could change drugs into ionized form that could reduce their transport across cell membrane. It is known the acidic environment causes cancer cells to become resistant, and studies have shown that proton pump inhibitors sensitize resistant tumors to anticancer drugs [55] . However, the ionic state of the drug in acidic pH in tumor microenvironment may not be relevant when these cell lines isolated from the tumor still show drug resistance under in vitro conditions under physiological pH.
Membrane potential has also been reported to affect drug influx. A four-fold lower membrane potential was reported for drug-resistant Friend leukemia cells compared to sensitive cells [56] . This observation was correlated to lower cationic drug accumulation in drug-resistant cells [57] . In some cases, lipid acyl chain mobility, an indicator of membrane fluidity, changes; however, the lipid composition differences are indistinguishable. For example, in Chinese hamster ovary-resistant cells, proton nuclear magnetic resonance ( 1 H NMR) and gas liquid chromatography studies showed a decrease in the mobility of lipid acyl chains [58] . Thus, these studies in general show an increase in sphingolipids or/and cholesterol content, and membrane order in drug-resistant cells which suggest that these cells have less permeable cell membrane that significantly reduces diffusion of lipophilic drugs.
In our previous study [59] , we isolated lipids from doxorubicin-sensitive (MCF-7) and doxorubicin-resistant (MCF-7/ADR) breast cancer cells to characterize the biophysical properties of their membrane lipids (particularly lipid packing and membrane fluidity) and to understand the effects doxorubicin interaction with cell membrane lipids and its effect on drug transport. The membrane lipids of resistant cells showed significantly altered composition; particularly noticeable was the higher concentration of SM, phosphatidylinositol, cholesterol, and cholesterol esters in the resistant cell membrane lipids than in the sensitive cell membrane lipids. Biophysical characterization of the lipids isolated from resistant and sensitive cells demonstrated that the membrane lipids of resistant cells are more rigid than those of sensitive cells. Doxorubicin showed a strong hydrophobic interaction with resistant cell membrane lipids but significantly less interaction, as well as a different pattern of interaction (i.e., ionic) with sensitive cell membrane lipids. The lipiddoxorubicin interactions appeared to reduce intracellular drug transport via diffusion as the drug becomes trapped in the lipid bilayer ( Figure 4 ). In this regard, biophysical interaction studies with cell membrane lipids might be helpful to designing drugs through drug discovery approaches that can overcome the transport barrier in resistant cells.
Membrane biophysics and drug sequestration
Drug sequestration is one of the drug-resistance mechanisms whereby drugs are entrapped in intracellular acidic compartments, such as lysosomes, recycling endosomes, and the transGolgi network [60] [61] [62] , which eventually lead the sequestered drug out of cells via exocytosis. In general, sequestration of drugs in various intracellular vesicles has been attributed to the difference in pH between cytoplasm and intracellular vesicles [63] . In drug resistant cells, intracellular vesicles have lower pH compared to the cytoplasmic pH. Anticancer drugs that enter into the cell via endocytosis become protonated in acidic pH, which renders drugs impermeable across the membrane of intracellular vesicles. Sequestration of chemotherapeutic drugs in acidic organelles/vesicles decreases the concentration of drugs in the cytoplasm, thus impairing their efficacy [64, 65] . The significance of this difference in pH was clearly demonstrated in doxorubicin-resistant lung cancer cells, where a small change in cytosolic alkalization (change in pH from 7.0 to 7.4) was shown to trigger an approximately 2000-fold increase in doxorubicin resistance [66] . This resistance was reversed by the administration of verapamil [66] , which caused cellular acidification.
The above studies suggest that drug sequestration mechanism is pH-dependent; however, recent reports show the role of cell membrane. In particular, studies have shown alterations in membrane recycling in doxorubicin [67] and cisplatin [68] resistant cells. In doxorubicinsensitive MCF-7 cells, both the trans-Golgi network and recycling endosome compartment are distributed throughout the cytoplasm which are shown to be altered in doxorubicinresistant MCF-7 cells, where both the above compartments are perinuclear [64] . Rauch et al. have reviewed the relationship between alkalization of cytoplasm pH in resistant cells and lipid arrangement affecting the membrane's lipid packing and membrane tension, suggesting a close relationship between change in membrane lipid arrangement and drug resistance [69] . Lipid packing density is affected by alterations in average area per lipid, which depends on the competition between lipid headgroup repulsion and hydrophobic attraction [70, 71] . Typically, membrane lipids self-assemble and form thermodynamically stable aggregates ( Figure 1 ). Therefore, any changes in this balance are expected to affect the optimal area per lipid (i.e., their packing) and membrane shape [72, 73] . As the inner leaflet typically consists of negatively charged lipids, such as PS, and these lipids might also be organized in clusters, a slight increase in alkalinity would shield their negative charges and decrease the electrostatic repulsion between polar groups. Therefore, acidic pH is more likely to be central in abolishing the physical repulsion between lipids, thus decreasing surface tension [74] [75] [76] , which suggests that the sensitive cells with acidic cytoplasm will tend to have cell membranes with less packing density. The alkaline nature of the cytoplasm in resistant cells facilitates increased packing of lipids, which in turn affects the intracellular accumulation of drugs. Thus the acidic pH of intracellular vesicles and drug resistance may be related to the change in membrane lipid arrangement that could hinder drug diffusion from acidic intracellular vesicles into cytosolic compartment.
Membrane biophysics and drug efflux by P-gp
Increased drug efflux is the most pronounced and consistent observation in drug-resistant cells. The P-gp efflux system function is believed to be an energy-dependent mechanism [77, 78] . However, in many studies, membrane biophysics, particularly the lipid phase of the plasma membrane, has been shown to play an important role with respect to MDR and P-gp efflux [79, 80] . It is important to understand the significance of the lipid phase with respect to drug resistance, i.e., how the lipid phase facilitates P-gp efflux in cells to confer drug resistance on tumor cells. Generally, lipids can influence membrane proteins at a geometric/ steric level by membrane thickness. For example, P-gp which has a relatively long transmembrane segment, is suited to a thick bilayer (Figure 3c ). To accommodate P-gp in the cell membrane, the membrane's hydrophobic region should match with trans-membrane segments of P-gp. Cells seem to achieve this by forming thick lipid rafts. Lipid rafts exist in the liquid-ordered phase state and are rich in cholesterol and sphingolipids [81] . In addition, the lipid raft acyl chains are also in fully extended conformations, thus resulting in a thicker bilayer [82] . From a drug-resistance perspective, the thickness of cell membrane affects the free drug molecule time to traverse the membrane. The trans-bilayer movement rate of the drug seems to affect the ability of P-gp to confer drug resistance on tumor cells (Figure 5a ) [83] .
ATPase activity, a major factor in cellular drug efflux, has also shown to be influenced by cell membrane lipid composition [84, 85] . For instance, P-gp ATPase activity is shown to be inhibited in membranes without cholesterol or when P-gp is reconstituted into membranes without cholesterol. Since cholesterol is known to modulate membrane fluidity, it may affect P-gp function indirectly. Cholesterol is shown to alter the binding affinity of P-gp for some but not all drugs [86] [87] [88] [89] .
As mentioned above, lipid bilayer's composition and fluidity affect P-gp function [90] . For instance, vinblastine, verapamil and daunorubicin bind to P-gp with higher affinity in liposomes made from egg PC compared with those composed of brain PS and egg PE. These studies demonstrated that the headgroup, length of the acyl chain, and fluidity of bilayers all affect P-gp's ability to bind to drugs. Shuldes et al. demonstrated the significance of membrane order on the P-gp function in Chinese hamster ovary cells. In this study, authors showed that both a bile salt taurochenodeoxycholate (TCDC) and R-verapamil lowered the membrane order in resistant cells to that in sensitive cells and reversed the resistance to doxorubicin. The bile tauroursodeoxycholate (TUDC) that had no effect on the membrane order in resistant cells did not sensitize the resistant cells [91] .
In our studies, breast cancer-resistant cells (MCF-7/ADR) treated with the epigenetic drug decitabine altered cell membrane lipid composition, particularly the levels of SM, which are required to form lipid rafts to accommodate P-gp within the cell membrane [15] . In particular, we showed that, decitabine treated resistant cells have lower SM levels and lower neutral lipid content compared to untreated resistant cells. Lower SM levels, were attributed to higher sphingomyelinase activity in treated cells. Further, comparison of biophysical characteristics of lipid extracts from treated and untreated resistant cells showed that the lipid extracts from treated resistant cells form fluid membrane than the lipids from untreated cells. Therefore, in our study, the reduced expression of P-gp in decitabine-treated resistant cells is attributed to the change in membrane composition and membrane fluidity. These studies demonstrate the significance of membrane phase state, composition, and fluidity in the expression of P-gp's and its ability to bind to and efflux drugs.
Effect of membrane biophysics on apoptosis in drug-resistant cells
Altered or defective apoptosis is one of the hallmarks of drug resistance in cancers [92] . Hence, an insight into apoptotic mechanisms is essential to design therapeutic strategies to overcome drug resistance, particularly those strategies that use apoptotic mechanisms, which are influenced by the unique biophysical properties of lipids involved in the apoptotic pathway [93] . Of particular interest is the involvement of the sphingomyelinase (SMase)/ ceramide pathway in apoptosis. The polar headgroup of ceramide, the amide linkage, as well as the hydroxyl groups of sphingosine and the fatty acid chain have extensive hydrogenbonding capacity. These enhanced interactions between ceramide molecules give rise to inplane phase separation of ceramide-rich and ceramide-poor microdomains ( Figure 6 ). Several studies have suggested that the ability of ceramide to self-associate and mediate lipid raft reorganization into macrodomains is required for receptor capping and other signaling events leading to apoptosis [94] .
Ceramides and SM differ in their affinity for cholesterol [95] . As discussed earlier, SM interacts very tightly with cholesterol, through hydrogen bonding between the C-3 hydroxyl group of cholesterol and the sphingosine moiety of SM, and this interaction serves as the basis for lipid raft formation. Ceramides, on the other hand, have very poor affinity for cholesterol and tend to separate into exclusive ceramide-enriched microdomains. Furthermore, as a hydrophobic molecule, ceramide strongly favors partitioning into bilayers, thus implying that changes in the physical state of the membrane might play a role in ceramide-mediated function [96] . The difference in affinity between SM and ceramide for cholesterol seems to play critical role in ceramide raft generation in apoptosis pathway. Sphingolipid rafts via ceramide generation into macrodomains are considered necessary for signaling and cellular functions as diverse as apoptosis, cell cycle arrest, differentiation, and senescence.
Studies have shown that the ceramide effectively displaces cholesterol from order domain in lipid vesicles. The driving force for sterol displacement by ceramide would be the hydrophobic effect that tends to minimize unfavorable contact between the hydrocarbon groups of the small headgroup lipids [97, 98] . Certain cellular process may be the result of this displacement such as SMase-induced displacement of cholesterol from plasma membranes in cells due to reduction on SM in the membrane [99] . Interestingly, drugresistant cells seem to utilize the difference in biophysical properties of SM and ceramide effectively to evade apoptosis. Since ceramide is a basic structural unit of sphingolipids, the intracellular concentration of SM or ceramide is regulated by controlling the synthesis or breakdown of SM. For instance, drug-resistant cells maintain low intracellular ceramide levels by either increasing SM synthesis or preventing SM breakdown by regulating SMase intracellular levels. For example, in doxorubicin-resistant breast cancer (T47D) cells, SMase, which hydrolyzes SM to ceramide, is expressed in lower levels than in doxorubicinsensitive cell lines. Addition of exogenous ceramide increased the doxorubicin sensitivity in these cells, indicating that low SMase levels are essential for maintaining drug resistance [100] . In addition, adriamycin-resistant cells were found to maintain low intracellular levels of ceramide by elevating the transcription of glucosylceramide synthase (GCS), an enzyme that converts ceramide to anti-apoptotic glucosylceramide (glycolipid) [101] . Inhibition of GCS in these cells by using an oligonucleotide antisense strategy restored adriamycin sensitivity [102] . Furthermore, introduction of GCS into wild-type MCF-7 cells via a retroviral expression system resulted in acquired adriamycin resistance in these cells [103] .
Effect of membrane biophysics on NP-based drug delivery systems
As discussed above, cell membrane lipid composition and drug-cell membrane lipid interactions are major factors in reduced drug accumulation inside drug-resistant cells. From a drug delivery perspective, this tendency toward accumulation would appear a trivial obstacle to overcome, as the free drug could be encapsulated inside nanocarriers. In addition, NPs would enter into cells by endocytotic vesicles, thereby preventing the encapsulated drug from being recognized by efflux pumps. Upon transport across the cellular membrane, the drug molecules are released from NPs that have been delivered into the cytoplasm. Therefore, one would expect a significant improvement in drug efficacy. However, recent reports in the literature suggest that the ability of existing NPs to overcome drug resistance depends on cell type and carrier system. Of particular interest is the recent study by Kunjachan et al. [104] ; the authors investigated different NP formulations, such as liposomes, polymers and micelles, to overcome MDR in four different cell lines (A431, SW620, B16-F10 and CT26) in drug-sensitive and drug-resistant form. Resistance indices (IC 50 in resistant cells/IC 50 in sensitive cells), which indicate the efficacy of a given formulation in overcoming drug resistance, were determined by treating drug-sensitive and drug-resistant cancer cells with increasing concentrations of doxorubicin in free, polymerbound, micellar and liposomal forms. The study reported a four-fold reduction in the resistance index in A431 cells with polymer-bound doxorubicin. Based on cellular uptake levels of all four formulations, the study concluded that overall efficacy in overcoming MDR with NPs was marginal. Reduced endocytosis was reported in both doxorubicin- [105] and cisplatin-resistant cells [106, 107] . Therefore, the major reason for lack of improvement in overcoming drug resistance with NPs could be attributed to reduced endocytosis. In our studies, Doxil, a liposomal formulation of doxorubicin, was ineffective in inducing toxicity in doxorubicin-resistant, MCF-7/ADR cells [59] . We attributed the inefficacy of Doxil to the rigid nature of the resistant cells' membrane, which impaired the endocytic process that inhibited Doxil uptake (Figure 5b ). Sensitive cells with fluid membrane lipids demonstrated dose-dependent uptake of Doxil and demonstrated the cytotoxic effect of the encapsulated doxorubicin [59] . Other investigators have linked reduced endocytosis to altered phospholipid metabolism in drug-resistant cells [15, 59] .
In cisplatin-resistant cells, drug resistance was attributed to abnormal morphology of the endocytic recycling compartment (ERC) with respect to its formation and distribution [68] . Here authors demonstrated altered distribution of ERC in drug resistant cells to more rapid sphingomyelin metabolism to ceramide as compared to that in parental drug-sensitive cells. This observation contradicts with the general notion i.e. drug resistant cells require SM to stabilize P-gp in the membrane, and evade apoptosis by controlling the balance between SM and ceramide. It appears that acyl chain lengths of SM and ceramide play significant different roles in their cellular function and trafficking [108, 109] . Longer acyl chain SMs are associated with lipid rafts and P-gp whereas short chain SM are not; they do not partition into ordered domains in model membranes [110] . Further, short chain SMs traffic with recycling endosomes [111] whereas long chain SMs that are associated with lipid rafts and P-gp traffic to the late endosomes [109] . In addition, ceramide function depends on acyl chain length. Ceramides with longer-chain length (to C 24 or greater) are involved in cellular apoptosis whereas short chain length ceramides (chain length C 6 ) are not [108] . The different behavior of the long-and short-chain ceramides has been considered to be due to their different molecular geometries that influence their organization in the membrane and hence their physiological effects.
Endocytic processes involve the uptake of membrane lipids and proteins. Generally, it is believed that lipids and lipid-linked proteins enter membrane invaginations passively and thus enter the endocytic compartment. However, recent studies have shown that lipids and lipid-linked proteins are selectively included or excluded in vesicles during intracellular trafficking. For example, lipid acyl chains that prefer to form fluid membrane are shown to be selectively included in recycling vesicles, whereas lipid acyl chains that prefer to form rigid membranes are shown to be included in late-endosome vesicles [35] (Figure 3a vs. Figure 5b ). Based on this finding and our observation that the membrane lipid extracts from doxorubicin-resistant breast cancer cells form a rigid membrane, we suggested efficacy of Doxil in sensitive cells to their escape from endocytic vesicles during recycling due to fluid nature of the membrane whereas rigid nature of resistant cells caused Doxil to remain trapped into endocytic vesicles [59] . This was evident from doxorubicin levels that increased exponentially with incubation time in sensitive cells treated with Doxil whereas the drugs levels in resistant cells increased initially but then remained unchanged with incubation time.
Since receptor-mediated uptake is also via endocytosis, and the rigid nature of resistant cell membrane influences the membrane bending that is necessary of endocytic process to take place, we speculate that drug delivery via receptor-targeted NPs will also be impacted when cells develop drug resistance. However, there are few studies that have reported better efficacy with targeted NPs in resistant cells than with non-targeted NPs, primarily attributed due to better drug delivery to the tumor with targeted NPs than with non-targeted NPs [112, 113] . However, there is no direct comparison between improvement in efficacy in resistant and sensitive tumors with targeted NPs as compared to nontargeted NPs. Hence, it is difficult to know whether targeted NPs overcome drug resistance or the improved efficacy is simply the effect of greater tumor drug accumulation with targeted NPs as compared that with nontargeted NPs.
Few studies have shown that NP formulations that overcome drug resistance seem to interact with membrane lipids. Liang et al. [114] demonstrated that metallofullerene NPs that penetrate through plasma membrane reverse drug resistance in cisplatin-resistant PC-3 cells. In this study, NP-plasma membrane interaction has been suggested to restore endocytotic function and increase intracellular cisplatin accumulation. In MCF-7 cells, trans-activating transcriptional activator (TAT) peptide-conjugated mesoporous silica NPs [115] were able to overcome drug resistance since the peptide facilitates interactions of NPs with cell membrane lipids [116] . Pluronic block copolymers, which have shown promising results in sensitizing tumors to various anticancer agents, are known to interact with membrane lipids [117, 118] . It is possible that the improved drug efficacy seen with pluronics, TATconjugated nanocarriers, polymer-drug conjugates, and metallofullerene NPs is mediated because of modulation of biophysical characteristics of resistant cell membrane upon interaction with nanocarriers. The interactions between nanocarrier surfaces and cell membrane lipids may induce phase separation in the outer membrane of cells, thereby altering the intrinsic intracellular trafficking within the cells.
Strategies to improve NP-based drug delivery to overcome drug resistance
Cell membrane lipid composition and consequential biophysical characteristics seem to play a vital role in mechanisms of cancer drug resistance, as well as in achieving drug delivery inside cells. Therefore, it is important to integrate membrane biophysics with drug delivery to develop nanocarriers that can overcome drug resistance. The physical and chemical features of membrane lipids are interlinked and together form the complex biophysical features responsible for various cellular functions. The separation between physical and chemical events in the membrane is very subtle. For instance, a chemical change due to lipid hydrolysis in the membrane could be manifested as a change in pressure or curvature [119] . Since membrane curvature is a critical factor during endocytic process, any chemical changes that affect the cell membrane's lipid composition would affect that endocytic process. For example, increases in local concentration of lipids that prefer formation of nonbilayer structures could influence membrane curvature, fusion, and fission events critical in endocytosis and exocytic processes [120] . Similarly, a physical change in the membrane may lead to a change in local chemical composition, thereby modulating the biophysical characteristics of the membrane. For example, physical attractive interactions between an NP's surface and the lipid membrane may induce bending or expansion of the membrane that will lead to redistribution of lipids in the membrane bilayer. Thus, one can potentially overcome drug resistance by modulating membrane biophysical characteristics by inducing changes either chemically or physically. As a means of physical method, it has been shown that ultrasound exposure could make resistant cancer cells become more sensitive to anticancer drugs [121] . Ultrasound could alter the membrane lipid arrangement, increasing membrane fluidity that could facilitate drug transport to overcome drug resistance [122] . Similarly, as a means of chemical methods, R-verapamil and linolenic acid have been shown to reverse drug resistance in human bladder carcinoma cell lines by modifying the membrane fluidity [123, 124] . Due to lipophilic nature, R-verapamil can accumulates in the hydrophobic region, the steric effects of isopropyl sides chain seem to reduces the van der Waals forces between lipid molecules, resulting in more fluid membranes. In a separate study, Ramu et al. showed that reversal of resistance with verapamil is associated with increased synthesis of PC that increases membrane fluidity [125] .
Modulating biophysical interactions between NP-cell membrane lipids to overcome drug resistance
As stated above, reduced endocytic function or abnormal morphology of ERCs are major issues in drug resistance. Therefore, understanding the relationship between biophysical aspects of the cell membrane in drug-resistance mechanisms and drug delivery processes is critical to overcoming drug resistance. However, the complex and dynamic nature of cell membranes make these investigations difficult to perform in real time in live cells [126] . As a next best means, one can use biomimetic membrane models to understand the role of membrane lipids in cancer drug resistance [15, 59] . We have been investigating nanocarriercell membrane interactions and recently have elucidated the role of membrane biophysical characteristics in drug-resistant breast cancer cells [15, 59] . In this study, we demonstrated that the rigid nature of a resistant cell's membrane not only affects uptake of the free drug but also that the endocytic function inhibits drug uptake via nanocarriers. The surfaces of NPs can be designed to enhance their interactions with cell membranes and modify intracellular trafficking of NPs. Recently, using our NP-lipid cell membrane model interactions, we have demonstrated that the attractive interactions between an NP's surface and lipid headgroups influence the cellular uptake of the nanocarrier [116, 127] . In addition, others have shown in theoretical [128] and experimental [129] studies that interactions between nanocarriers and lipid headgroups affect the biophysical properties of the cell membrane, thereby affecting nanocarrier uptake via endocytosis. For instance, the use of cell-penetrating peptides and cationic surfactants has been investigated as an effective means to enhance drug delivery and overcome drug resistance. It is possible that upon interaction between cell-penetrating peptides or cationic surfactant-modified nanocarriers and resistant cell membranes, the outer monolayer phospholipids of the cell membrane can develop lateral inhomogeneities and promote vesiculation of the plasma membrane into the cells. This assumption is further supported by recent studies showing that perturbation of the outer monolayer of the cell membrane with common detergents induces massive endocytosis in cell-membrane lipids with order domains [130, 131] . An interesting observation was that this endocytic process appears to be independent of the usual endocytic machinery such as dynamins and functional membrane cytoskeleton and other G proteins [130, 131] . Therefore, these studies clearly suggest that nanocarriers modified with cationic surfactants or cell-penetrating peptides might induce endocytosis due to interactions with the cell membrane and thereby enhance intracellular drug uptake.
Our recent study has demonstrated that not only the charge but also the molecular structure of the cationic surfactant at the interface influences the biophysical interactions of surfactant-modified NPs and the lipid monolayer [127] . Our ongoing studies include attempts to understand and characterize the biophysical interactions of different cationic surfactant-modified NPs with lipids isolated from resistant and sensitive cells. These studies will help us understand NP characteristics that are critical in overcoming the transport barrier of resistant cell membranes. In our recent study, we explored biophysical approaches to developing surface modified NPs which preferentially interact with the membrane lipids of malignant vs. normal cells (Figure. 7) . NPs designed using the above approaches demonstrated improved tumor localization and efficacy with p53 DNA-loaded NPs in vivo to inhibit tumor growth and disease progression in a prostate tumor model. In this study, NPs surface modified with a dichain cationic surfactant, DMAB (didodecyldimethylammonium bromide) demonstrated greater interaction with prostate cancer cell membrane lipids, which was 6.7-fold greater than with unmodified NPs and 5.5-fold greater than with endothelial cell membrane lipids. The effect of single-chain cationic surfactant, CTAB (cetyltrimethylammonium bromide) was not the same as dichained surfactant, DMAB, suggesting that the molecular structure of surfactant at the NP interface influence NP-biophysical interactions with membrane lipids [127] . Upon systemic injection, DMAB-modified NPs demonstrated a 4.6-fold increase in tumor accumulation compared to unmodified NPs [132] . The results of this study suggest that characterization of the biophysical interactions between NPs and lipid membranes of tumors or other diseased tissues/organs may be a promising approach for screening and developing targeted delivery systems.
Modulating biophysical properties with epigenetic drugs to regain endocytic function in drug-resistant cells
Alterations in membrane composition and organization of lipids in resistant cells could arise due to various factors, one of which might be hypermethylation of some or many of the genes involved in cell membrane protein/lipid synthesis [15] . For example, the SMase gene has been reported to be silence due to hypermethylation in 60% of breast tumors [133] . SMase is an enzyme which hydrolyzes SM (one of the major lipids in cell membrane) to ceramide, a tumor suppressor lipid. The SMase gene is re-expressed by treating the breast cancer cells with the demethylating agent 5-aza-2 deoxy (decitabine) [133] .
In a different study, the basal activity of neutral SMase has been reported to be lower in doxorubicin-resistant breast cancer cells. In response to doxorubicin treatment, these cells showed reduced SM hydrolysis, ceramide generation and cell death by the SM-ceramide pathway than in sensitive cells [100] . Therefore, treating breast cancer cells with a demethylating agent could reactivate the silenced SMase, which could hydrolyze the SM to ceramide, which in turn could induce apoptosis. In addition, ceramide can replace cholesterol in the cell membrane [134] . Any decrease in SM and cholesterol levels in the membrane itself alters the biophysical state of the drug-resistant cell membrane from a more rigid to a more fluid nature (similar to doxorubicin-sensitive cells). Thus epigenetic drugs could also be used to modulate biophysical properties of drug-resistant cells [134] . In our recent study, we demonstrated that resistant cells, following treatment with decitabine, showed an increase in membrane lipids that prefer a nonbilayer structure formation and a decrease in lipids that prefer a bilayer formation. These changes in lipid composition have been shown to alter the membrane's biophysical characteristics and to facilitate doxorubicin transport as well as to help regain endocytic functions (Figure 8 ) [15] . In this study, we demonstrated significantly enhanced cytotoxicity in doxorubicin-resistant cells pretreated with decitabine, then with doxorubicin or Doxil, which were otherwise ineffective in inducing cytotoxicity in resistant cells.
Recently, we characterized MCF-7/ADR and a number of other drug sensitive breast cancer cell lines using flow cytometry, immunofluorescence, mammosphere formation assay and migration assay, examining their cancer stem cell (CSC) immunophenotypes, presence of CSC proteins, tumorigenicity in vitro and migratory rates, respectively. Our results demonstrated that MCF-7/ADR cells uniformly display CSC characteristics yet retain low migratory rate. Furthermore, we demonstrated that MCF-7/ADR cells are selectively sensitive to epigenetic drug, suberoylanilide hydroxamic acid (SAHA), losing drug resistance and changes morphology yet retaining CSC immunophenotypes [135] . Thus there is significant potential to explore epigenetic drugs either alone or in combination with other anticancer drugs to overcome drug resistance.
Concluding Statement
There is considerable and growing evidence supporting the major role of membrane lipids in various cellular functions. Changes in lipid biosynthesis in the setting of various disease conditions, including cancer, are known to alter the biophysical properties of the cell membrane, which can directly influence drug transport and endocytic functions. Understanding such changes in membrane lipids and their effects on the biophysical characteristics of the cell membrane during malignant transformation, particularly when cancers develop drug resistance, could open up new opportunities for developing effective agents and drug-delivery systems to treat drug-resistant tumors. However, multiple mechanisms have been postulated for drug resistance, and hence connecting these mechanisms to biophysical changes in membrane lipids and their role in drug delivery remains a critical next step. [15] .
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